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Cytochrome P450 (CYP) 3A4 is a major contributor to hepatic
drug and xenobiotic metabolism in human adults. The related
enzyme CYP3A5 is also expressed in adult liver and has broader
age and tissue distributions. However, CYP3A5 expression is
low in most Caucasians because of the prevalence of an allele
that leads to an incorrectly spliced mRNA and premature termi-
nation of translation. When expressed, CYP3A5 expands meta-
bolic capabilities and can augment CYP3A4-mediated drug
metabolism, thereby reducing drug efficacy and potentially
requiring dose adjustments. The extensive role of CYP3A4 in
drug metabolism reflects in part the plasticity of the substrate-
free enzyme to enlarge its active site and accommodate very
large substrates. We have previously shown that the structure
of the CYP3A5–ritonavir complex differs substantially from
that of the CYP3A4 –ritonavir complex. To better understand
whether these differences are conserved in other CYP3A5 struc-
tures and how they relate to differential plasticity, we deter-
mined the X-ray crystallographic structure of the CYP3A5 sub-
strate-free complex to 2.20 Å resolution. We observed that this
structure exhibits a much larger active site than substrate-free
CYP3A4 and displays an open substrate access channel. This
reflected in part a lower trajectory of the helix F–F� connector in
CYP3A4 and more extensive �–CH interactions between phe-
nylalanine residues forming the roof of the active-site cavity
than in CYP3A5. Comparison with the CYP3A5–ritonavir com-
plex confirmed conserved CYP3A5 structural features and indi-
cated differences in plasticity between CYP3A4 and CYP3A5
that favor alternative ritonavir conformations.

Subfamily 3A cytochromes P450 (CYP)2 contribute exten-
sively to the metabolic clearance of orally administered drugs
and other foreign compounds (1, 2) and can limit the efficacy of
new drug candidates. Drug– drug interactions involving 3A
enzymes can also lead to unwanted side effects during drug
therapy. P450 3A4 is the most highly expressed of the 3A
enzymes in adult human livers, whereas 3A7 predominates in
the fetal and neonatal period (3, 4). P450 3A5 is expressed in
adult human liver, as well as fetal liver, and exhibits a broader
tissue distribution than 3A4 (5). However, 3A5 expression var-
ies between individuals because of prevalent genetic differences
that lead to nonproductive mRNA splicing and low or absent
expression of the protein that varies in frequency between dif-
ferent ethnic groups (6). When abundant, 3A5 often augments
drug clearance by 3A4 and can significantly reduce drug effi-
cacy (7–10). Metabolic profiles differ between 3A4 and 3A5,
leading to differential impacts on drug clearance (11) and to
generation of alternative metabolites (12, 13). A recent study
has identified a substrate for 3A5 that is poorly metabolized by
3A4 (14).

To better understand the structural basis for the metabolic
differences exhibited by 3A4 and 3A5, an X-ray crystal struc-
ture of 3A5 complexed with ritonavir was determined previ-
ously and compared with the structure of the 3A4 ritonavir
complex (15). Ritonavir exhibits very similar binding affinities
for 3A4 and 3A5 but adopts different conformations in the two
enzymes. The high binding affinity exhibited by both enzymes
reflects, in part, the formation of coordinate covalent bond
between the nitrogen of the thioazole group of ritonavir and the
heme iron, as well as the relatively large size and hydrophobicity
of ritonavir compared with most drugs, which is complemented
by the hydrophobicity and size of the 3A4 and 3A5 active sites.
Because the conformation of the 3A4 ritonavir complex, as well
as the size and shape of the active site, differs significantly from
the structure of substrate-free 3A4 (16), the conformational
differences seen between the 3A4 and 3A5 ritonavir complex
are likely to reflect, in part, regional differences in flexibility of
the two proteins to accommodate ritonavir, as well as differ-
ences between the structures of substrate-free 3A4 and 3A5.
The configurational flexibility exhibited by structures of 3A4
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with different compounds is thought to contribute to the broad
capacity of 3A4 to facilitate xenobiotic clearance, and even
larger structural changes than seen for ritonavir (MW, 721) are
exhibited by structures of 3A4 complexed with one molecule of
erythromycin (MW, 734) or 2 molecules of ketoconazole (MW,
531) (17). This flexibility is also important for the opening and
closing of the active site to allow substrate entry and substrate
or product egress, as well as adaptations for binding different
drugs such as midazolam (18) and the experimental drug 8-
(4-methoxy-3-methylphenyl)-2,3,4,8-tetrahydroimidazo[1,5-
a]pyrimidin-6-amine (19).

Determination of the structure of 3A5 in the absence of
ritonavir or other substrates or inhibitors was undertaken in
this study to understand how binding of ritonavir changes the
structure of 3A5, as well as how the substrate-free structures of
3A5 and 3A4 differ, because these are reference states for con-
figurational changes that occur when drugs bind to the sub-
strate-free enzymes, as well as for free energy calculations for
substrate binding. Conditions were identified for the genera-
tion of 3A5 crystals prepared in the absence of ritonavir or other
substrates or inhibitors. Here we report that the apo 3A5 struc-
ture displays a much larger active-site cavity than that of apo
3A4 and exhibits an open substrate access channel, which
closes when ritonavir binds in the cavity. These results also
confirm fundamental structural differences between 3A5 and
3A4 that are likely to contribute to functional differences.

Results

Structure determination

The crystalized protein, 3A5C2dH, was engineered for crys-
tallization and structure determination by removal of the
N-terminal transmembrane helix and was used previously for
determination of the structure of the 3A5–ritonavir complex
(15). Molecular replacement provided initial phasing in the
I222 space group with one chain in the asymmetric unit. The
solution with a log likelihood of 1415 was obtained using
the PDB code 1TQN structure of substrate-free 3A4 (20) as the
search model, and it was used as the initial model. Solutions
obtained using individual chains from the PDB code 5VEU
structure of 3A5 ritonavir complex exhibited log likelihood
scores that were roughly half of the value obtained using the
1TQN structure. Electron density maps indicated that this dif-
ference is likely to reflect the extensive changes elicited by the
binding of ritonavir in 3A5 relative to the substrate-free 3A5.
Additionally, these maps indicated that the structure of sub-
strate-free 3A5 differed significantly from substrate-free 3A4,
and extensive rebuilding was required for portions of the struc-
ture encompassing helices F through G and adjacent structural
elements where the 3A5 apo structure differs from both of the
3A4 and 3A5 phasing models (Fig. 1, A and C).

Differences in the active-site architectures of substrate-free
3A5 and 3A4

The largest differences between the substrate-free structures
of 3A5 and 3A4 are seen for the connector between helices F
and F�, the helix B–B� connector, and the turn in the C-terminal
loop (Fig. 1A). The connectors between helices F and F�, as well
as G� and G in 3A4 (20, 21) and 3A5 (15), are longer than those

typically seen in most mammalian P450s, where helices F and G
extend across helix I to the opposite side of the substrate-bind-
ing site (22). As shown in Fig. 1 (A, C, and E), amino acid
side chains on the two flexible connecters form the roof of the
active site above the heme co-factor where the iron bound reac-
tive intermediate is generated. There is a considerable differ-
ence between apo 3A4 and 3A5 in the topology of the polypep-
tide chain connecting the F and F� helices (Fig. 1A). Because
amino acid side chains in this region contribute to the size and
shape of the active site, the surfaces of active-site cavities swept
with a 1.4 Å probe were determined with open channels
blocked at their narrowest constriction (Fig. 2, A versus C). The
results indicated that the cavity volume for substrate-free 3A5
(1866 Å3) was much larger than that reported for apo 3A4 (1386
Å3) as estimated by the same method (20). The additional vol-
ume in apo 3A5 relative to apo 3A4 is greatest in the distal
portion of the cavity, and an open substrate access channel is
evident in apo 3A5 between Tyr-53, Glu-76, Phe-215, Leu-216,
and Gln-479 (Fig. 3A). This access channel is sufficiently large
to accommodate a molecule of testosterone as modeled in Fig.
3A, but it is closed in apo 3A4, in part by the lower trajectory of
the F–F� connector (Fig. 3B). A docking pose for testosterone in
the 3A5 entrance channel is displayed to indicate the size of
opening relative to a typical substrate, and the binding site rep-
resents a potential encounter complex to bind testosterone for
passage into the active-site cavity. The entrance-bound testos-
terone is 16.7 Å from the heme iron with additional cavity vol-
ume to accommodate one or two additional molecules of tes-
tosterone. Studies of testosterone hydroxylation by 3A4
indicate that the binding of three testosterone molecules were
required to trigger robust product formation (23), which may
include one testosterone bound in the entrance channel.

The smaller active-site cavity in substrate-free 3A4 structure
reflects in part the �–CH interactions between several pheny-
lalanine residues 213, 215, 220, and 241 in the helix FG region,
Phe-304 on helix I, and Phe-108 on the helix B to B� loop (Figs.
1B and 2C) to form an unusual roof of aromatic side chains
above the active site (20, 21). Although 3A5 Phe-213 is posi-
tioned similarly for interactions with phenylalanines 241 and
304, additional interactions are not seen in 3A5 because of the
different trajectories of the F–F� and G�–G connectors. The
longer length of 3A5 Phe-210 relative to 3A4 Leu-210 pushes
the F–F� connector upward and outward rather than lower and
inward as seen for 3A4 (Fig. 1, A and B). This difference is also
evident for the 3A4 and 3A5 ritonavir complexes (15). As a
result, the distance between the C� of residue 212 in the two
structures is very large (5.5 Å) with 3A5 Lys-212 oriented out-
ward into solvent and with 3A4 Arg-212 oriented downward
into the active site (Fig. 1B) where it donates a hydrogen bond
from an epsilon nitrogen to the carbonyl of Phe-304. Moreover,
the 3A5 Phe-215 C� is displaced upward by 6.2 Å relative to
3A4 and oriented outward contributing to the more open distal
active site in 3A5. Additionally, 3A5 Leu-108 is too short to
interact with Phe-213, and its C� is displaced by 4.6 Å outward
from that of 3A4 Phe-108 (Fig. 1B), reflecting a conformational
difference for the portion of the helix B-B� loop between Arg-
105 and Pro-110 in 3A5 that turns outward relative to 3A4 (Fig.
1, A and B). This conformational difference reflects, in part, a
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twist of the polypeptide chain imparted by interaction of Arg-
106 with Met-393 and Glu-76 in 3A5 (Fig. 1B) coupled with an
opposite conformational effect of 3A4 Pro-107 (Ser-107 in 3A5)
on the connector between Arg-106 and Pro-110.

The divergent trajectories of the helix F–F� connector in the
two structures also contribute to the differences seen for the

conformation of the C-terminal loops of the two proteins (Fig.
1A). Overall, this comparison indicates that the greater distance
between helix F–F� and G�–G connectors in 3A5 reduces inter-
actions of the phenylalanines and other hydrophobic residues
in the distal active-site cavity that creates a larger (Fig. 2) and
more open (Fig. 3) active-site cavity in 3A5 compared with 3A4.

Figure 1. Conformational differences between apo 3A5 (yellow) and apo 3A4 (magenta; A and B), apo 3A5 and the 3A5 ritonavir complex (green; C and
D), and apo 3A4 and the 3A4 ritonavir complex (cyan; E and F). Ritonavir is depicted as spheres. Heme is depicted as a stick model with an iron sphere.
Heteroatom colors are nitrogen (blue), oxygen (red), iron (orange), and sulfur (yellow). Distances (dashed lines) are reported in angstroms.
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Structural changes elicited by the binding of ritonavir to 3A5

Binding of ritonavir causes the central portion of 3A5 helix I to
bow outward relative to the apo structure to accommodate the
coordination of the thioazole moiety to the heme iron and the
adjacent P1 phenyl group (Fig. 1C). Similar differences are also
evident when the structures of the apo 3A4 and the 3A4 ritonavir
complex are compared (Fig. 1E). Because this region is in the cen-
ter of the structure, there are additional compensatory changes.

In addition, the P1 phenyl moiety of ritonavir engages with
the phenylalanine cluster, displacing Phe-304 and triggering a
reorganization of the phenylalanine cluster around the ritona-
vir P1 phenyl group in both the 3A5 and 3A4 complexes (Fig. 1,
D and F). These changes relative to the apo protein are similar
between the two enzymes, and the conformation adopted by
ritonavir is similar near helix I in both proteins.

The conformations of ritonavir diverge between the two pro-
teins with the P2 phenyl group adopting a �/� stacking inter-
action with the surface of the heme in 3A4 and a lower trajec-
tory of the distal end of ritonavir under helix F�, which allows

3A4 phenylalanines 213, 215, and 220 to retain �–CH or �–�
interactions (Fig. 1, E versus C). Helix A� moves outward to
accommodate the distal end of ritonavir in this conformation.
The roof of the active site moves upward, which disrupts inter-
actions between phenylalanines 108 and 213 that are offset by
new interactions with ritonavir in 3A4.

The space under helix F� is less available in 3A5 because of
differences in the placement of the salt bridge network centered
around 3A4 Asp-76 and 3A5 Glu-76 with Arg-106, Glu-374,
Arg-372, and Tyr-53 (Fig. 2, B and D). Arg-106 of 3A5 is pushed
inward by interactions with Met-393, which is larger than Val-
393 in 3A4. This change in 3A5 is accommodated by the longer
length of Glu-76 relative to Asp-76 in 3A4 to preserve the salt
bridge (15). This network of salt bridges and hydrogen bonds is
not significantly affected by ritonavir in 3A4, but Leu-108
moves inward to contact ritonavir while preserving the interac-
tion of Arg-106 with Glu-76. The S107P difference between
3A5 and 3A4 is likely to contribute to the plasticity of Leu-108
and B–B� connector of 3A5.

Figure 2. Active-site cavities are shown as semitransparent surfaces for apo 3A5 (A), 3A5 ritonavir complex (B), apo 3A4 (C), and 3A4 ritonavir complex
(D) with adjacent amino acid side chains, the heme co-factor, and ritonavir are shown as stick models. Amino acid residues that differ between 3A4 and
3A5 are identified by bold labels. The viewpoint and scale are identical for each image.
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Comparison of the structure of the 3A5 ritonavir complex
with the apo 3A5 structure indicates that engagement of the
distal end of ritonavir with the flexible connector between heli-
ces F and F� pushes the connector outward along with Phe-213
(Fig. 1D). Leu-108, Phe-215, Phe-220, and Phe-241 make
adjustments to forge hydrophobic contacts with ritonavir (Figs.
1D and 2B). In 3A4, ritonavir pushes these portions of the helix
F–G region upward without forcing the phenylalanine side
chains out of the central cavity. In contrast, 3A5 Phe-215 and
Phe-220 reorient into the cavity to engage with ritonavir. These
changes reduce the size of the distal cavity and closes the sub-
strate access channel seen in the apo 3A5 structure (Fig. 2, A
versus B). Thus, the end points for ritonavir binding and
inferred starting states (apo structures) for the binding of
ritonavir to 3A4 and 3A5 differ substantially.

Discussion

Determination of the structure of 3A5 crystallized in the
absence of a substrate or inhibitor was undertaken to better

understand structural differences between 3A5 and 3A4 that
underlie divergent functional properties and to better define
how the binding of ritonavir to 3A5 alters the substrate-free
3A5 structure. Apo 3A5 exhibits a much larger active-site cavity
compared with apo 3A4 and to a lesser extent that of the 3A5
ritonavir complex. The volumetric difference between apo 3A4
and apo 3A5 is associated with relatively large differences in the
conformation of the helix F through helix F� region, which is
part of a larger loop-like structure that includes helices G� and
G and forms the roof over the active site. This region begins and
ends where helices F and G interact with each other and the
upper surface of helix I. The apex of the loop is the turn between
helices F� and G�, which resides outside of the helix B–B� loop
and is stabilized in that position by several polar interactions.
The smaller volume of the apo 3A4 binding site reflects the
lower trajectory of helix F and the inward sag of the connector
between helices F and F� that is stabilized by edge-to-face inter-
actions between several phenylalanine residues that form
the roof above the heme at a lower height than seen in 3A5.
These interactions are less extensive in 3A5 in part because of
the replacement of 3A4 Phe-108 with the shorter leucine resi-
due that disrupts the chain of phenylalanine interactions that
extends from the proximal to distal cavity in 3A4. Additional
amino acid differences that alter the trajectory of the helix F to
helix F� region open the center of the loop-like structure of the
F–G region in both the 3A5 apo and 3A5 ritonavir complexes
(15) relative to the 3A4 apo and ritonavir complexes and pre-
vent additional phenylalanine interactions in the distal cavity of
apo 3A5.

In the structure of the 3A5 ritonavir complex, ritonavir binds
in a conformation that exploits the more open distal cavity seen
in the structure of apo 3A5. Additionally, the conformation of
ritonavir seen in 3A4 that extends under helix F� is blocked by
the altered network of salt bridges and H-bonds in 3A5 (15).
In contrast, the observed conformation of ritonavir in 3A4 is
favored by the greater plasticity of the N-terminal region.
The lower trajectory of ritonavir in 3A4 raises the roof of the
cavity to a lesser extent because of the extensive phenylala-
nine interactions in the upper portion of the cavity. Yuki
et al. (24) demonstrated that when explicit CH–� aromatic
interactions were included in molecular dynamics simula-
tions of the 3A4 carbamazepine complex, the stability of the
active site increased, and the motion of carbamazepine in the
cavity was more constrained. In contrast, the reduced vol-
ume of the active-site cavity in the 3A5–ritonavir complex
when compared with apo 3A5 reflects the plasticity of the
F–G region that adapts to the presence of ritonavir and
changes to form favorable hydrophobic interactions with
ritonavir that reduce the cavity size and allows ritonavir to
extend into the center of the ring-like F–G region.

Family 3 P450s are known to catalyze the metabolic clear-
ance for substrates as large as cyclosporine A (MW, 1203), as
well as much smaller molecules such as testosterone (MW,
288), and the size of the apo 3A5 cavity is consistent with that of
larger substrates such cyclosporine A. Interestingly, 3A5, but
not 3A4, is prominently expressed in kidney (5), and greatly
increased cyclosporine A metabolism is evident for micro-
somes derived from renal tissues where one or two functional

Figure 3. A view of the open entrance channel of the apo 3A5 active site
with testosterone docked in the channel (A) and the closed entrance
channel in apo 3A4 (B) that reflects the lower trajectory of F–F� connector
and interactions of Phe-107, Phe-215, and Phe-220 with Phe-213. The
testosterone pose overlaps two glycerol molecules seen in the apo 3A5 struc-
ture (Fig. S1). The docking pose was identified by using Autodock Vina. The
distance from testosterone (TES) to the heme iron is 16.7 Å. Amino acid resi-
dues that differ between 3A4 and 3A5 are identified by bold labels.
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3A5 alleles are present (25). In this regard, the active-site cavity
of substrate-free 3A5 is more similar in size to structures of
3A4 co-crystallized with erythromycin (MW, 734) or keto-
conazole (MW, 531) characterized by Ekroos and Sjögren
(17) that exhibit expanded distal active-site cavities. Eryth-
romycin did not alter helix I but expanded the distal cavity
(PDB code 2J0D) by raising the trajectory of the helix F–F�
connector upward and displacing Arg-212 out into solvent.
The coordinate covalent binding of the ketoconazole imid-
azole moiety with the heme iron (PDB code 2V0M) led to
outward distortion of helix I (Fig. 4) like that seen for ritona-
vir (Fig. 1F), and a dichlorophenyl group adjacent to imidaz-
ole moiety engaged with the phenylalanine cluster similar to
that seen for P1 phenyl group of ritonavir. A second keto-
conazole molecule was identified in the active-site cavity
stacked above the heme-bound ketoconazole in an anti-
parallel orientation (Fig. 4). The second molecule greatly
expanded the size of the cavity and opened the distal end
similarly to that seen for apo 3A5. The 3A4 helix F–F� con-
nector was elevated to a greater extent than seen for ritona-
vir with Phe-215 oriented upward out of the cavity as seen for
apo 3A5 (Fig. 3A). In the 3A4 erythromycin complex, Phe-
215 was rotated inward to close the cavity, which is also seen
in the 3A5 ritonavir complex relative to the apo 3A5 struc-
ture (Fig. 1D). In both cases, the distal ends of the erythro-
mycin and ketoconazole reside under the helix F�, and the
center of the helix F–G region remains closed in 3A4 because
of the packing interactions between phenylalanines 108, 213,
220, and 241. In contrast, ritonavir resides in the more open
ring formed by the 3A5 F–G region that reflects the larger
distances between the F–F� and G�–G connectors imparted
by the F210L and L108F differences between 3A5 and 3A4,
which contributes to diminished interactions between phe-
nylalanine residues and the increased plasticity seen for the

F–G region in 3A5. These differences are likely to underlie
the differentiated functions of the two enzymes. Consistent
with this notion, reciprocal substitutions of the divergent
amino acids in 3A4 and 3A5, L210F and F108L, alter metab-
olite formation by 3A4 (26) and 3A5 (13, 14). As seen in Fig.
2B, the presence of ritonavir led to closure of the entrance
channel seen in apo 3A5, but it remains unclear whether
further reductions in the size of the 3A5 active site would
occur when a significantly smaller substrates than ritonavir
bind.

Experimental procedures

Protein expression and purification

P450 3A5 was modified for expression in Escherichia coli and
to facilitate purification and crystallization by modification of
the N terminus to remove the transmembrane helix, optimize
codons for the truncated N terminus to increase expression,
and substitution of a four-histidine tag for the five C-terminal
amino acids that extend beyond the catalytic domain. Details of
the construction of the expression plasmid pCW3A5C2, con-
ditions for the expression of the protein in E. coli, and purifica-
tion of the protein are documented in an earlier publication
(15). The detergent CHAPS was omitted from the final wash
and elution buffers for the carboxymethyl-agarose chromatog-
raphy step, and the final size-exclusion chromatography step
used previously was not required.

Crystallization conditions

The concentration of the protein solution was 450 �M as
determined by the reduced CO-difference spectrum (27). The
protein buffer was 0.1 M Na-HEPES (pH 7.4), 50 mM potassium
acetate (pH 7.4), 20% glycerol (v/v), 0.5 mM EDTA, 10 mM

�-mercaptoethanol, and 0.5 mM phenylmethylsulfonyl fluo-
ride. The precipitant and well solution was 0.2 M sodium N-(2-
acetamido)iminodiacetate, pH 6.5, containing 30% PEG 3350
(w/v). Crystallization was achieved by sitting-drop vapor diffu-
sion against 0.5 ml of well buffer in a Cryschem plate (Hampton
Research) at 24 °C. The sitting drop was formed by combining
the protein solution, 10% (w/v) solution of the detergent Ana-
poe 20, and the precipitant in a 1:0.1:1 ratio (final drop size is 2.1
�l). The crystals were harvested and soaked in perfluoropoly-
ether for 20 s prior to placing the crystal in liquid nitrogen for
shipment and data collection.

Model building and refinement

The protein model was refined using data collected from a
single crystal at 100 K on Beamline 12-2 at the Stanford Radia-
tion Light Source to an apparent limiting resolution of 2.20 Å in
the I222 space group. The X-ray diffraction reflections were
integrated, merged, and scaled using XDS (28). Initial phases
were obtained by molecular replacement using PDB code
1TQN structure of apo 3A4 as the search model and PHASER
(29) as implemented in PHENIX (30). PHASER identified one
chain in the asymmetric unit and identified the enantiomeric
space group as I222 with a log likelihood 1415 using the 3A4
1TQN structure. COOT (31) was used for model building, and
PHENIX (30) was used for model refinement. Statistics for data

Figure 4. Superposition of 3A4 (gray) with two molecules of ketocona-
zole (KLN) bound in the active site (PDB code 2V0M) with apo 3A5 (yel-
low) using ALIGN with defaults in PyMOL. Portions of the proteins are
shown as cartoons displaying secondary and tertiary structure. The imidazole
nitrogen of the lower ketoconazole molecule is ligated to the heme iron, and
together with the neighboring dichlorophenyl group, they displace a portion
of helix I outward. A second molecule of ketoconazole stacks above the first in
anti-parallel orientation with dichlorophenyl moiety residing in the entrance
channel. The conformation of the helix F–G regions of the two structures are
overlapped to greater extent than seen for structures of the 3A5 and 3A4
ritonavir complexes, and the 3A4 active site is greatly enlarged by the pres-
ence of the two ketoconazole molecules.
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reduction, model refinement, and model quality are summa-
rized in Table 1. �–� angles for 96.9% of the residues are in the
most favored range without any �–� angle outliers or side-
chain rotamer outliers. The fit to the reflections exhibits an R
value of 0.209 and a free R value of 0.248 for 5% of reflections
that were not included in the refinement of the model. The
final, refined model was refined against X-ray diffraction
data to limiting resolution of 2.20 Å. The model is complete
for residues 26 – 496 with the exception of residues 260 –269
and 280 –287, respectively, in external loops between helices
G to H and H to I that could not be modeled because of
configurational heterogeneity. Additionally, 50 waters, 3
glycerols, and the heme co-factor are included in the model.
Two of the glycerols are bound in the substrate access chan-
nel, and the third resides in the active site near the heme
surface (Fig. S1).

Graphic images were generated using PyMOL (32), and sur-
faces of substrate binding cavities were generated using
VOIDOO (33) with a 1.4 Å probe. The atomic coordinates and
structure factors (PDB code 6MJM) are deposited in the Protein
Data Bank, Research Collaboratory for Structural Bioinformat-
ics, Rutgers University (New Brunswick, NJ).

Automated docking of testosterone in the Apo 3A5 structure

Automated docking studies employed VINA (34). AUTODOCK
TOOLS (35) was used to define the search space and to gener-
ate PDBQT files that define rotatable bonds and charges from
the coordinates for the apo 3A5 final model and for testoster-
one (Ligand Expo). OPEN BABEL (36) was used to extract PDB
files for the docked ligand from the VINA output.
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